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An enantiopure syn-benzocyclotrimer 1 was selectively syn-
thesized from an enantiopure halonorbornene 2 through regio-
selective cyclotrimerization catalyzed by palladium nanoclus-
ters. The yield of 1 was dependent on the stability of the palla-
dium clusters, which was ascertained from the appearance and
TEM images of the reaction mixtures. The thus-prepared enan-
tiopure benzocyclotrimer will serve as a key intermediate for
the synthesis of Cs, symmetric chiral buckybowls.

Benzocyclotrimers of bicycloalkenes have been of interest
due to characteristic features including bond alternation of the
benzene ring, unusual electronic properties, and their C3, sym-
metric cup-shaped structure, which would be suitable for molec-
ular recognition.!™ A recent report showed that a syn-benzocy-
clotrimer of norbornadiene could serve as a key intermediate in
the synthesis of a C3, symmetric buckybowl, sumanene.’ Ac-
cording to this synthetic strategy, a variety of syn-benzocyclo-
trimers of norbornene derivatives can be utilized as the precur-
sors for highly functionalized C3, symmetric buckybowls in-
cluding chiral buckybowls. Here, we report the syn-selective
synthesis of an enantiopure benzocyclotrimer 1 from an enantio-
pure halonorbornene derivative 2 through regio-selective cyclo-
trimerization under palladium nanocluster conditions.

In general, the cyclotrimerization of norbornene derivatives
affords a mixture of syn- and anti-benzocyclotrimers, where the
anti-benzocyclotrimers are usually predominant.5 To achieve
the syn-selective preparation, the use of enantiopure norbornene
derivatives (X#Y) and regio-selective cyclotrimerization are
preferable (Scheme 1).” Among several coupling partners, halo-
norbornene derivatives (X = halogen, Y = H) seem the most
suitable candidates as starting materials because their enantiom-
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Scheme 1. Synthesis of enantiopure syn-benzocyclotrimers
through regio-selective cyclotrimerization of enantiopure nor-
bornene derivatives.

ers are easily accessible. However, although cyclotrimerization
of racemic halonorbornenes has been carried out using Pd cata-
lyst (Pd(OAc),, PPhs, BusNBr, NEt3, MS 4 A, 80 °C in DMF) it
was the anti-benzocyclotrimers that were obtained selectively.
Indeed, this method could not be applied to syn-selective cyclo-
trimerization from enantiopure derivatives.?

The cyclotrimerization of an enantiopure halonorbornene
derivative (1S,2R.,4S5)-2° was chosen as our target because the
product syn-1 is expected to be a common synthetic intermediate
in construction of C3, symmetric chiral buckybowls. The cyclo-
trimerization of 2 under the reported conditions® did not take
place, giving a complex mixture with only a trace amount of
syn-1 as reported (Table 1, Entry 1). After screening several
conditions, we found that the desired syn-1 was obtained in
34% yield as a single isomer when using BuyNOAc and Na,COs3
in 1,4-dioxane solution (Table 1, Entry 2). In particular, the ad-
dition of BuyNOAc was crucial for the reaction.!® The yield of 1
was dependent on the amount of BuyNOAC, indicating that the
Pd nanoclusters generated in the reaction mixture might play
an important role (vide infra). That is, the yield was improved
to 53% by increasing the amount of BusyNOAc to 1000 mol %
(Table 1, Entry 2-5).

Photographs and typical TEM images of the reaction mix-
tures under the conditions listed in Entries 1, 2, 4, and 5 in
Table 1 are shown in Figure 1. Judging from the appearance
of the reaction mixtures, the Pd nanoclusters were well dispersed
in the order of (B) < (C) < (D) which was consistent with the
amount of BusNOAc. The amount of precipitation of Pd black
was observed in the opposite order, (B) > (C) > (D). The
TEM images supported these observations. In Table 1, we show
the result using the conditions reported in a previous paper,’
which are considered typical reaction conditions for generation
of Pd nanoclusters (Entry 1; Figure 1A). Indeed, the appearance

Table 1. Palladium-catalyzed cyclotrimerization of the enan-
tiopure 2.

Pd(OAc), 5 mol % OSiMe,t-Bu

PPh3 10 mol % .
t-BuMe,SiO } BuX ’ t-BuMe,SiO
R

base
I Ms4A
(1S,2R,4S)-2 solvent
100 °C, 2h .
1 OSiMe,t-Bu
Entry BuyNX Base Solvent  Yield of 1*/%
1 BuNBr 100mol% NEt; 250mol%  DMF trace
2 BuyNOAc 100mol % Na,CO; 1000 mol % 1,4-dioxane 34

3 BusNOAc 300mol % Na,CO3; 1000 mol % 1,4-dioxane 42
4  BuyNOAc 500mol % Na,CO; 1000 mol % 1,4-dioxane 47
5  BuyNOAc 1000 mol % Na,CO3; 1000 mol % 1,4-dioxane 53

Isolated yield. "Reported conditions in Ref. 8.
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(A)

Figure 1. Photographs and typical TEM images of the reaction
mixtures; (A) Entry 1, (B) Entry 2, (C) Entry 4, and (D) Entry 5
in Table 1.

of (A) was similar to that of (D), indicating the formation of
nanoclusters. However, a considerable degree of aggregation
of clusters was observed in the TEM images as well as in those
of (B). Although both clusters in (C) and (D) were well dispersed
judging from the TEM images, the concentration of clusters was
much higher in (D), consistent with their appearance. These ob-
servations strongly suggest that the generation of Pd nanoclus-
ters in appropriate conditions might be very important and that
an excess amount of BuyNOAc could realize well-dispersed
nanoclusters.'!

A possible mechanism of the cyclotrimerization is shown
in Scheme 2.8 Halonorbornene 2 oxidatively added to the Pd’
species generated from the Pd nanoclusters to afford the inter-
mediate A. Insertion of another 2 to A proceeded regio-selective-
ly,!? giving the Pd carbenoid B. Due to its carbenoid character,
the formal syn elimination of HX might take place smoothly,
leading to the dimeric vinyl Pd intermediate C. After another
repetition of this process, the thus-obtained trimer complex D
underwent electrocyclization to afford E, from which spontane-
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Scheme 2. A possible reaction pathway (R = SiMe,-Bu).
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ous syn elimination of HPdX and aromatization occurred. The
role of the Pd nanoclusters in the process might be understood
in relation to the mechanistic insight of the Heck reaction. For
the Heck reaction, atomic palladiums leached from nanoclusters
were reported to be the active species.!? Since there are two
Heck-type insertion steps at sterically hindered positions, the
present reaction might be controlled by the active Pd species
continuously leached from the high concentrated Pd nanoclus-
ters.

As described above, 1 was successfully synthesized as an
enantiopure form through regio-selective cyclotrimerization
under palladium nanocluster conditions. The thus-prepared
enantiopure benzocyclotrimer will serve as a key intermediate
for the syntheses of C3, symmetric chiral buckybowls. In addi-
tion, the information about the stability of Pd nanoclusters would
be applicable to other reactions.
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